JAXA has researched the Super Low Altitude Test Satellite (SLATS), which orbits the Earth at the altitude of nearly 200 km, for use in next-generation Earth observation satellites. An electric propulsion system is very useful to compensate for air drag of the SLATS since it has low thrust and long lifetime. Therefore, based on the Kiku-8 ion engine system, we started research and development of a new ion engine system to apply to the SLATS program. The SLATS ion engine system must be small and light. So, we decided to develop a power processing control unit (PPCU) which combines power supplies and a controller. According to the SLATS requirements, the performance requirements for the PPCU were determined. Then, we manufactured and tested the breadboard model of the high-voltage converter in the PPCU. The test results showed that the power efficiency is over 90 percent, which meets the performance requirements for the PPCU.
Introduction
Many electric propulsion systems have been used on geosynchronous (GEO) satellites to reduce the propellant mass in station-keeping or to extend satellite lifetime. Japan Aerospace Exploration Agency (JAXA) has been researching and developing electric propulsion systems for about 35 years. Mitsubishi Electric Corporation (MELCO) developed the 20 mN-class xenon ion engine system (IES) for Kiku-8 (ETS-VIII) under contract with JAXA. This IES can operate for more than 16,000 hours at 37.9 mN/kW. It has a specific impulse of 2,665 seconds and a total efficiency of 49.7 percent. JAXA has been operating the Kiku-8 IES in orbit since 2006. The IES works well in orbit and the characteristics of the ion thrusters agree with the ground test results.
Meanwhile, JAXA has researched the Super Low Altitude Test Satellite (SLATS), which orbits the Earth at the altitude of nearly 200 km 1) , for use in next generation Earth observation satellites. We have considered using an electric propulsion system to compensate for air drag of the SLATS. The ion thrusters on Kiku-8 meet the SLATS system requirements due to their good thrust efficiency and satisfactory lifetime. Therefore, we started research and development of a new IES to apply to the SLATS program based on the Kiku-8 IES.
The ion thruster requires around 600 W of electrical power for 20 mN of thrust. The Power Processing Control Unit (PPCU) supplies the required electrical power to the ion thruster. The PPCU consists of eight power supplies: a beam converter, an accelerator converter, a discharge converter, two hollow cathode keeper converters, two hollow cathode heater converters, and an auxiliary converter. The beam converter and accelerator converter are required to start up simultaneously in order to accelerate the ions normally. So, the beam converter and the accelerator converter are designed as a high-voltage converter using the same transformer. The beam converter output voltage level is +900 V to +1,100 V and the accelerator converter output voltage level is -450 V to -550 V. The PPCU also controls the ion engine system's turn-on, turn-off, and operational modes. The PPCU is required to achieve high power efficiency with a wide input voltage range (32.5 V to 50 V) as well as it is required to minimize volume and weight and to suppress electromagnetic interference. The target of power efficiency of the high-voltage converter is more than 90 percent for nominal 600 W at an input voltage between 32.5 V to 50 V 2) . In 2008, the PPCU breadboard model (BBM) consisting of a high-voltage converter (a beam converter and an accelerator converter) was manufactured for the ion engine system. We examined the power converter topologies to achieve a converter in light weight and high power efficiency. We selected the inductor-fed phase shift converter and the vector-combined voltage resonant converter in the trade-off study. These two kinds of power converter were manufactured and tested to evaluate the converter performance, including power efficiency. This paper shows the preliminary design results of the IES configuration on the SLATS, the performance requirements of the PPCU, and the BBM development results of the high-voltage converter.
IES for the SLATS
The attitude of the SLATS and the orientation of the solar array paddle are strictly restricted to reduce the molecular flow drag that acts on the satellite body. This results in the limitation of electrical power for ion thruster operation.
Moreover, because the SLATS is scheduled to be launched together with a large satellite, it is required to be considerably small. Because of this, the SLATS IES must also be small and light. In addition, quick response performance of plasma ignition is required for drag compensation. The electrical interface between SLATS bus and the IES use 50 V of electrical bus voltage as the SLATS is a kind of low Earth orbit satellite. The IES on the Kiku-8, that is a GEO satellite, uses 100 V bus interface. In summary, the issues for the SLATS IES are higher efficiency, lighter weight, and smaller size than the current IES under a new electrical interface with the power system and a new autonomous control system for quick plasma ignition.
The IES of Kiku-8 has a redundant system to meet its lifetime requirement. It consists of two xenon storage tanks, a pressure regulation module, two ion thruster units, two ion engine controllers, an ion engine driver, and two power processing units. The ion thruster unit consists of two ion thrusters on a radiator plate, a two-axis mechanical gimbals, and two flow control modules. However, the SLATS IES uses a single system to minimize its weight and size. The new IES configuration for SLATS is shown in Fig. 1 . The SLATS IES consists of a xenon storage tank, a pressure regulator, an ion thruster, a PPCU (including an ion thruster controller), three flow control devices and two latching valves. The electrical interface with SLATS system is unlike the interface with the Kiku-8 system. The primary input voltage to the IES power processing unit(PPU) is 100 ±3 V for Kiku-8. The voltage for the SLATS IES was determined to be lower and wider. The PPCU for the SLATS was designed to work under an input voltage range of between 32.5 V and 50 V so it can be used with various low earth orbit satellites buses.
Requirements for the PPCU
The design results of the PPCU are shown in Fig. 2 and Table 1 . Figure 2 shows a block diagram of the PPCU. The PPCU consists of eight power supplies. Electric power to the screen grid electrode is supplied by power supply PS-1. Electric power to the accelerator grid electrode is supplied by power supply PS-2. Electric power to the anode electrode is supplied by power supply PS-3. Electric power to the main hollow cathode heater is supplied by power supply PS-4. Electric power to the main hollow cathode keeper electrode is supplied by power supply PS-5. Electric power to the neutralizer hollow cathode heater is supplied by power supply PS-6. Electric power to the neutralizer hollow cathode keeper electrode is supplied by power supply PS-7. When the screen grid is energized, a high potential of 1,000 V is applied to PS-3, PS-4, and PS-5. The high-voltage converter (PS-1 and PS-2) accounts for 70 percent of electric power handled and 40 percent of the volume in the PPCU-more than any other power supply. Therefore, optimal design of the high-voltage converter is essential to achieve highly efficient and compact equipment. Table 1 shows output characteristics requirements of the PPCU. The output power characteristics are required from the ion thruster capability of the SLATS. The PPCU also controls the SLATS IES's power-on/off and operational modes such as the discharge mode and the orbit mode. The electrical power interface between the thruster and the PPCU is shown in Fig. 3 . The ion thruster has five electrodes (screen grid, accelerator grid, anode, main keeper, and neutralizer keeper) and two heaters (main hollow cathode and neutralizer hollow cathode). These electrodes require independent stabilized electrical power based on a specified operation sequence. 
Design of the PPCU

Outline of the high-voltage converter
The high-voltage converter supplies the stabilized high voltage as PS-1 (1,000 V) and PS-2 (-500 V). PS-1 and PS-2 need to protect the thruster against the discharge in the high voltage electrodes and the return electrode. PS-1 and PS-2 have slow start characteristics to ensure their voltages have the same rise/fall time. Since the high-voltage converter handles 600 W of electric power, the target power conversion efficiency is more than 90 percent to achieve higher total efficiency of the PPCU.
Trade-off study of the high-voltage converter
To reduce size and weight, it is necessary for the high-voltage converter's switching frequency to be high. However, as a higher switching frequency increases switching loss, it is necessary to select optimal power conversion and regulation methods in light of the reduction of power consumption, component characteristics, mass, and weight. Table 2 shows a comparison of the high-voltage converter topologies. In the case of the converters using conventional square wave processing, the higher switching frequency causes larger power loss of their semiconductors. Moreover, square wave converters produce switching surge energy. The reliability of the semiconductors is reduced by these stresses. Therefore, candidates for the power conversion topologies are partial resonance power conversion and resonant power conversion.
In partial resonance power conversion, phase-shift wave processing is considered as a regulation method. In this case, the higher switching frequency results in an increase of off-switching power loss in the power semiconductors. In addition, partial resonance converters produce off-switching surge energy. The reliability of the semiconductor is reduced by these stresses. However, there are few drawbacks to the phase-shift converter as shown in Table 2 .
Generally speaking, the resonant converter is better than the partial resonance converter for high frequency switching applications because the resonant converter has the prominent features of high power conversion efficiency and low switching surge energy. The voltage resonant converter is better than the current resonant converter on account of the following advantages: First, as the power transfer from primary to secondary is independent of resonance operation, the loss of the resonance circuit is low and the size is small. Secondly, the inverter is essentially a current-fed type as the coil in the primary circuit and the transformer primary winding work as a pseudo-current source. This feature is advantageous for load protection and input current limiter design. In current resonance conversion, the pulse frequency modulation method is often used. But this method yields an increase in size and weight of the smoothing output filter because the operating frequency reaches minimum at the maximum input voltage.
Conventionally, to regulate the voltage resonant converter, the pre-regulator method and the magnetic amplifier method have been used. However, the beam converter needs to stabilize the output voltage against a wide range of input voltages (32 V to 50 V) and maintain high power conversion efficiency. These conventional methods have the following drawbacks: Table 2 . The comparison for the high voltage converter topologies.
-The pre-regulator method leads to low power conversion efficiency because two power stages are cascade-connected.
-The magnetic amplifier method on the voltage resonant converter exhibits control instability when operated at the wide input voltage range because the control loop gain contains the fourth-order phase lag and the value of input voltage.
On the other hand, the voltage resonant converter and vector-combined techniques match well. This technique is called a vector-combined converter and has the following advantages:
-The power conversion efficiency is high because the power conversion is carried out by one power stage. Also, the power conversion efficiency is almost independent of the input voltage.
-The operating frequency is independent of the input voltage. As a result, the smoothing output filter is made compact by virtue of the constant high operating frequency. The switching frequency is set to 80 kHz because of the constraint of the recovery time of the high-voltage diode.
-The control loop gain is stable at the wide range of input voltages.
Therefore, the vector-combined type converter is more suitable here than the other resonant converters as the high voltage-converter. Figure 4 shows the basic vector-combined type voltage resonant converter (VCRC). The VCRC consists of two voltage resonant inverters (one inverter is the master and the other is the slave), a rectifier, and a smoothing filter. This resonant converter has the prominent features of high efficiency and low switching surge voltage. Furthermore, the inductor connected in series with the input power source yields high immunity against external noise, suppression of backward noise, and load protection. The two power switches are driven so as to have a cross-conduction interval. The power switch in the off-state is turned on after the resonant voltage reaches zero. The two inverter outputs are combined in series as transformer outputs. Each inverter should be synchronized with the master oscillator, and the start time of each inverter is controlled by a phase control circuit.
Vector-combined type voltage resonant converter
Test Results
The trade-off resulted in two converters, a phase-shift converter and a VCRC, being selected. They were manufactured and tested to verify their electric performance and compatibility with the electrical load. The power efficiency of the phase-shift converter is more than 90 percent as shown in Fig. 5 . The power efficiency increases as the input voltage is lowered. On the other hand, the power efficiency of the VCRC is more than 90.7 percent at the input voltage range of 32 V to 50 V, as shown in Fig. 6 . Degradation of the efficiency at the high input voltage is attributed to the following phenomena: First, the resonant current, which flows through the resonant inductor and capacitance, increases in proportion to the input voltage. Therefore, the ohmic loss caused by the resonant current in the resistance of the inductor and the equivalent series resistance in the capacitor increases with the increasing input voltage. This phenomenon is the greatest reason for the efficiency degradation. Secondly, as the phase difference increases with the increasing input voltage, the regenerative current yields the ohmic loss to the inductor and the capacitance.
Conclusions
The benefits of using an ion propulsion system on the Super Low Altitude Satellites increase for longer life missions, even though operation of ion thrusters consumes a large amount of power.
Here, the high-voltage converter (the beam power supply and the acceleration power supply) was designed. The power converter topologies were examined to achieve light weight and high power efficiency with a wide input voltage range.
Two kinds of power converter, the phase-shift converter and the vector-combined voltage resonant converter, were manufactured and tested to compare detailed converter performance, including power efficiency. The electric power efficiency of the vector-combined voltage resonant converter is more than 90.7 percent, and that of the phase shift converter is more than 90 percent. Subsequently, we chose the vector-combined voltage resonant converter, which satisfies the system requirement. 
